Significance StatementCell therapy has been applied to various diseases that are resistant to conventional therapy. Renal fibrosis is one of the most difficult issues, and many researchers have tried intravascular administration of stem cells. The present study revealed that transplantation of mesenchymal stromal cell (MSC) sheets onto the kidney showed dramatic effects, including long‐term cell survival, amelioration of kidney dysfunction, vasoprotection, and antifibrosis, compared with intravenous administration of MSCs. These results suggest that cell sheet technology improves the effects of cell therapy in various aspects. Therefore, cell sheet therapy could be a potential novel therapeutic approach for various kidney diseases in the future.

Introduction {#sct312609-sec-0003}
============

Chronic kidney disease (CKD) is a worldwide problem associated with considerable morbidity and mortality, resulting in elevated health care costs [1](#sct312609-bib-0001){ref-type="ref"}, [2](#sct312609-bib-0002){ref-type="ref"}. Regardless of its etiology, renal fibrosis is the final common pathway that correlates with the loss of renal function [3](#sct312609-bib-0003){ref-type="ref"}. Currently, there remains no fundamental treatment for renal fibrosis.

Although acute kidney injury (AKI) was previously regarded as a reversible condition, recent studies suggest a strong link between AKI and subsequent development of CKD [4](#sct312609-bib-0004){ref-type="ref"}, [5](#sct312609-bib-0005){ref-type="ref"}, [6](#sct312609-bib-0006){ref-type="ref"}, [7](#sct312609-bib-0007){ref-type="ref"}. Furthermore, growing evidence supports the important contribution of renal microvascular (MV) injury to the initiation and subsequent extension of kidney injury [4](#sct312609-bib-0004){ref-type="ref"}, [8](#sct312609-bib-0008){ref-type="ref"}, [9](#sct312609-bib-0009){ref-type="ref"}. In contrast with renal tubular cells, endothelial cells exhibit little regenerative capacity [4](#sct312609-bib-0004){ref-type="ref"}, [10](#sct312609-bib-0010){ref-type="ref"}, [11](#sct312609-bib-0011){ref-type="ref"}, and irreversible MV loss following endothelial injury induces renal hypoxia and accelerates tubulointerstitial injury [10](#sct312609-bib-0010){ref-type="ref"}, [11](#sct312609-bib-0011){ref-type="ref"}, [12](#sct312609-bib-0012){ref-type="ref"}, [13](#sct312609-bib-0013){ref-type="ref"}. Moreover, MV loss is common in any form of CKD, regardless of etiology, and strongly correlates with fibrosis progression [14](#sct312609-bib-0014){ref-type="ref"}, [15](#sct312609-bib-0015){ref-type="ref"}. Recently, Ehling et al. reported the evidence of MV loss in the whole kidney using *ex vivo* microcomputed tomography (μCT) [15](#sct312609-bib-0015){ref-type="ref"}. Although administration of vasoprotective and antifibrotic cytokines, including hepatocyte growth factor (HGF) and vascular endothelial growth factor (VEGF), for kidney diseases have been attempted [16](#sct312609-bib-0016){ref-type="ref"}, [17](#sct312609-bib-0017){ref-type="ref"}, [18](#sct312609-bib-0018){ref-type="ref"}, [19](#sct312609-bib-0019){ref-type="ref"}, they did not achieve adequate effects due to their short half‐life [20](#sct312609-bib-0020){ref-type="ref"}, [21](#sct312609-bib-0021){ref-type="ref"}. Furthermore, many researchers have tried systemic administration of cells secreting these cytokines [22](#sct312609-bib-0022){ref-type="ref"}, [23](#sct312609-bib-0023){ref-type="ref"}, [24](#sct312609-bib-0024){ref-type="ref"}, [25](#sct312609-bib-0025){ref-type="ref"}, [26](#sct312609-bib-0026){ref-type="ref"}, [27](#sct312609-bib-0027){ref-type="ref"}, but the effects were limited because of low survival of transplanted cells into the kidney. We recently applied "cell sheet technology," which enables direct transplantation and long‐term survival of the cells to treat kidney disease [28](#sct312609-bib-0028){ref-type="ref"}. Transplantation of human mesothelial cell (MC) sheets transfected with a vector expressing *HGF* (an HGF‐tg MC sheet) on the kidney surface of a rat renal fibrosis model resulted in long‐term survival of transplanted cells and strong therapeutic effects in the whole kidney. In this previous study, after removing part of the renal capsule, which is mainly composed of MCs, MC sheets were orthotopically transplanted onto the exposed area; the transplanted MCs survived for a long time and showed renoprotective effects via HGF secreted from MCs.

Therefore, we invented a method to apply this cell sheet therapy for various kidney diseases. If long‐term survival and renoprotective effects by cell sheet therapy could be achieved using cells other than MCs, that is, heterotopic transplantation, the application of cell sheet therapy for kidney diseases will expand. Here, we applied mesenchymal stromal cell (MSC)‐sheet therapy for kidney disease. MSCs represent a feasible cell source for translational medicine, because they are easily isolated and expanded from various tissues [29](#sct312609-bib-0029){ref-type="ref"}. MSCs secrete various cytokines and repair injured organs through various mechanism, including vasoprotection, anti‐inflammation, and immunomodulation [30](#sct312609-bib-0030){ref-type="ref"}. Several studies reported the effect of MSC sheets under various conditions, including ischemic cardiac disease, diabetic foot ulcers, and osteonecrosis of the jaw [31](#sct312609-bib-0031){ref-type="ref"}, [32](#sct312609-bib-0032){ref-type="ref"}, [33](#sct312609-bib-0033){ref-type="ref"}. Therapeutic effects were partially explained by cytokines secreted from MSCs, and additionally, it was also revealed that transplanted MSCs migrated into the target organs and differentiated into mural cells. To date, application of an MSC sheet for kidney disease has not been reported, and there is no knowledge about the behavior and therapeutic effects of the transplanted MSCs. In this study, we performed allogeneic transplantation of a rat bone marrow‐derived MSC (BMSC) sheet onto the kidney surface of a rat renal ischemia--reperfusion‐injury (IRI) model, which mimics renal vascular injury under the condition of kidney transplantation and aorta replacement therapy. We evaluated the behavior of the transplanted cells and antifibrotic effects associated with MV protection (Fig. [1](#sct312609-fig-0001){ref-type="fig"}).

![Schematic diagram illustrating the procedure for transplantation of bone marrow mesenchymal stromal cell (BMSC) sheets onto the kidneys of a rat ischemia--reperfusion‐injury (IRI) model. Rat BMSCs were isolated from green fluorescent protein transgenic (GFP^Tg^) Sprague‐Dawley rats or luciferase transgenic (Luc^Tg^) Lewis rats, and BMSC sheets were created using temperature‐responsive culture dishes. After removing part of the abdominal renal capsule, six cell sheets (two sets of three‐layered cell sheets) were placed on the abdominal side including the exposed area. Treatment effects were compared among Sham, IRI, and intravenous groups. Scale bar: 1,000 mm.](SCT3-8-1330-g001){#sct312609-fig-0001}

Materials and Methods {#sct312609-sec-0004}
=====================

Ethics {#sct312609-sec-0005}
------

All animal protocols were conducted in accordance with the Guide for the Care and Use of Laboratory Animals and were approved by the Animal Welfare Committee of Tokyo Women\'s Medical University (animal experiments no. AE16‐101, 17‐116, 18‐007, and 19‐017).

Isolation and Characterization of BMSC {#sct312609-sec-0006}
--------------------------------------

Bone marrow cells were isolated from male Sprague‐Dawley (SD) rats for *in vitro* experiments, as well as from SD^Tg^ (CAG‐enhanced green fluorescent protein \[EGFP\]) rats and Luc^Tg^ Lewis rats [34](#sct312609-bib-0034){ref-type="ref"}, for *in vivo* experiments, as previously described [33](#sct312609-bib-0033){ref-type="ref"}. Briefly, after cutting the epiphyses of femora and tibiae, the bone marrow cavity was flushed with complete medium (a‐MEM; Minimum Essential Medium; Life Technologies, Carlsbad, CA, USA supplemented with 1% penicillin--streptomycin \[Life Technologies, Rockville, MD, USA\] and 10% fetal bovine serum \[Japan BioSerum\]), using a 23‐gauge needle. The cell suspension was filtered using a 100‐μm cell strainer, centrifuged for 15 minutes at 700*g* at room temperature, and subsequently cultured in complete medium at 37°C in a 5% CO~2~ incubator. One day after seeding, nonadherent cells were removed by washing with phosphate‐buffered saline (PBS) and fresh medium was added. The medium was replaced every 2--3 days. The cells were passaged at 80%--90% confluence using 0.05% trypsin‐ethylenediaminetetraacetic acid (Merck, Darmstadt, Germany) and expanded until passages 3--5. Cultured cells were evaluated for MSC characteristics according to the ability to differentiate into osteocytes and adipocytes, colony‐forming ability, and cell‐surface markers as previously described [33](#sct312609-bib-0033){ref-type="ref"}.

Fabrication of BMSC Sheets {#sct312609-sec-0007}
--------------------------

BMSCs derived from SD^Tg^ (CAG‐EGFP) rats at passages three through five were seeded onto 35‐mm temperature‐responsive culture dishes (CellSeed, Inc., Tokyo, Japan) at a density of 1.2 × 10^6^ cells per dish and cultured in 2 ml complete medium supplemented with 82 μg/ml ascorbic acid. Following incubation for 2 days, BMSC sheets were detached from the dishes by reducing the temperature from 37°C to 20°C.

Cytokine Secretion in BMSC‐Culture Supernatant {#sct312609-sec-0008}
----------------------------------------------

The concentration of growth factors secreted into the BMSC‐culture supernatant was measured by enzyme‐linked immunosorbent assay (ELISA). BMSCs were seeded onto 35‐mm culture dishes at a density of 1.2 × 10^6^ cells per dish. Since BMSC sheets were transplanted 2 days after seeding *in vivo* experiments, the time point at 2‐days postseeding was defined as day 0. The medium was replaced with fresh complete medium on days 0, 5, 7, 12, and 14. VEGF and HGF levels on days 0, 7, and 14 were measured using ELISA kits (R&D Systems, Minneapolis, MN, USA; *n* = 5 per group).

IRI Procedure and BMSC Transplantation {#sct312609-sec-0009}
--------------------------------------

SD rats (6‐week‐old males) were randomly divided into four groups: IRI (*n* = 15), IRI + BMSC‐sheet transplantation (*n* = 10), IRI + IV administration of BMSCs (*n* = 10), and Sham (*n* = 4).

Under isoflurane anesthesia, rats were subjected to right nephrectomy. At 7 days after nephrectomy, IRI was performed by clamping left renal pedicle for 60 minutes. In BMSC‐sheet group, BMSC sheets derived from SD^Tg^ (CAG‐EGFP) rats were transplanted onto the kidney. Approximately 1/3 of the abdominal capsule of the left kidney (1/6 of the whole capsule) was peeled off using tweezers, followed by transplantation of the BMSC sheets individually onto the kidney surface in order to cover the abdominal side of the kidney including the exposed area (*n* = 6 sheets per rat), and IRI procedure was performed. For IV administration of BMSCs, we used 7.2 × 10^6^ cells, which was approximately equivalent to the number of cells in six sheets. BMSCs were suspended in 1 ml of normal saline and administered via the tail vein soon following reperfusion. Sham‐operated animals underwent right nephrectomy and laparotomy only without clamping of renal pedicle or any treatment. In the non‐cell sheet‐groups (Sham, IRI, and IV groups), the capsule was left intact.

For all rats, blood and urine samples were collected at the specific time points, and the animals were sacrificed at 14‐days postsurgery. To evaluate the therapeutic effects during the initial phase, we performed additional animal experiments according to the same protocols except for right nephrectomy, with animals sacrificed on days 1, 4, and 7 (*n* = 1--4). At the indicated time points, left kidneys were excised and sections were prepared. For tissue homogenate analysis, after removing renal capsule, samples were snap‐frozen in liquid nitrogen and stored at −80°C.

Bioluminescence Imaging {#sct312609-sec-0010}
-----------------------

BMSCs derived from Luc^Tg^ Lewis rats were transplanted as cell sheets or IV into SD rats (*n* = 4 and *n* = 3, respectively). Bioluminescence imaging (BLI) was performed using a Xenogen IVIS 100 imaging system (PerkinElmer, Waltham, MA, USA) on days 0, 1, 4, 7, 10, and 14. [d]{.smallcaps}‐Luciferin (Promega, Madison, WI, USA) was injected via the penile vein and the peak signal from a fixed region of interest was estimated.

Kidney Function {#sct312609-sec-0011}
---------------

Serum Cr and UN levels were analyzed on days 0, 1, 2, 4, 7, and 14 (Sham: *n* = 4; IRI: *n* = 7; IV: *n* = 6; BMSC sheet: *n* = 9).

Histopathological Analysis {#sct312609-sec-0012}
--------------------------

Paraffin‐embedded sections were stained with periodic acid‐Schiff (PAS), Masson‐trichrome (MT) staining and immunolabeled with mouse anti‐α‐smooth muscle actin (αSMA) antibody (M0851, Dako, Carpinteria, CA, USA), rat antiendothelial cell antigen‐1 (RECA‐1) antibody (ab9774, Abcam, Cambridge, UK), and rabbit anti‐phospho‐cMet antibody (ab5662; Abcam), detected using peroxidase‐conjugated polymer reagent (EnVision, K4061; Dako). Phospho‐cMet staining was performed by Pathology Institute Corp. (Toyama, Japan). Cryosections were stained with mouse anti‐GFP antibody (A11120, Thermo Fisher Scientific, Waltham, MA, USA), goat anti‐kidney injury molecule‐1 (KIM‐1) antibody (AF3689, R&D Systems), mouse anti‐CD54 (intercellular adhesion molecule‐1 \[ICAM‐1\]) antibody (554,967, BD Pharmingen, San Diego, CA, USA), rabbit anti‐laminin antibody (ab11575, Abcam), rabbit anti‐fibronectin antibody (ab23751, Abcam), and rabbit anti‐phospho‐VEGF receptor (VEGFR)‐1 antibody (AF6204, Affinity Biosciences, San Jose, CA, USA). For quantification, five micrographs of the cortex from each rat were acquired randomly. The degree of tubular injury was assessed based on established methods [35](#sct312609-bib-0035){ref-type="ref"}, [36](#sct312609-bib-0036){ref-type="ref"}. In brief, we graded the extent of tubular necrosis, urinary casts, brush border loss, and tubular dilatation as follows: 0:\<10%; 0.5:10‐25%; 1:25‐45%, 1.5:45‐75%, and 2:\>75%. The fractional areas harboring αSMA, fibrosis, RECA‐1 luminal area, phospho‐cMet, and phospho‐VEGFR‐1 were analyzed using ImageJ software (National Institutes of Health). For quantification of MV density, the ratio of microvessels to tubules and RECA‐1‐stained fraction area in the cortex was calculated according to a method described previously [14](#sct312609-bib-0014){ref-type="ref"}, [15](#sct312609-bib-0015){ref-type="ref"}.

Urinary Analysis {#sct312609-sec-0013}
----------------

To evaluate tubular injury, urinary KIM‐1 on day 4 was measured using an ELISA kit (R&D Systems; IRI: *n* = 5; Sham, IV, and BMSC sheet: *n* = 4).

Total Collagen in the Kidney {#sct312609-sec-0014}
----------------------------

The total collagen concentration within whole kidney (Sham: *n* = 4; IRI, IV, and BMSC sheet: *n* = 5) was determined using total collagen assay kit (Quickzyme, Leiden, The Netherlands).

Levels of HGF and VEGF in the Kidney Tissue and Urine {#sct312609-sec-0015}
-----------------------------------------------------

Snap‐frozen kidney tissues were minced into 1--2 mm pieces and homogenized using tissue homogenizer (CG‐4A, BRT) in PBS. An equal volume of Cell Lysis Buffer 2 (895347, R&D Systems) was added and tissues were lysed at room temperature for 30 minutes and centrifuged at 20,000*g* at 4°C. The levels of HGF and VEGF in the tissue homogenate samples on day 4 (IRI, IV, BMSC sheet: *n* = 3) and urinary samples on day 7 (BMSC sheet: *n* = 5; IRI, IV: *n* = 4) were measured using an ELISA kit (R&D Systems).

Three‐Dimensional Evaluation of Renal Microvasculature {#sct312609-sec-0016}
------------------------------------------------------

Microfil (Flow Tech, Carver, MA, USA), a silicone rubber contrast agent, was perfused on a separate group of rats as previously described [15](#sct312609-bib-0015){ref-type="ref"}, [37](#sct312609-bib-0037){ref-type="ref"}, [38](#sct312609-bib-0038){ref-type="ref"}. SD rats were randomly divided into three groups (IRI, IRI + BMSC sheet, and Sham \[*n* = 5 per group\]). At 14‐days postsurgery, a catheter was inserted into the aorta distal to the renal arteries and Microfil (at a MV112:MV diluent: curing agent ratio of 2:5:225 ml) was perfused at a rate of 3--4 ml/min per 100 g body weight. After fixing kidneys in 4% PFA, the kidneys were scanned by high‐resolution μCT (R_mCT2; Rigaku, Tokyo, Japan) and analyzed using Osirix software (Pixmeo, Bernex, Switzerland). According to threshold‐based blood‐vessel segmentation, the ratio of small‐vessel volume per kidney volume was calculated in order to analyze MV density in the whole kidney. Then kidneys were bisected longitudinally and dehydrated in alcohol and methyl salicylate, and visualization was performed using a stereomicroscope.

Statistical Analysis {#sct312609-sec-0017}
--------------------

Data were expressed as mean ± SEM. Differences were analyzed using Student\'s *t* test or analysis of variance (ANOVA), followed by Tukey\'s post hoc comparison test and time‐dependent data were analyzed by one‐way repeated‐measures ANOVA, using JMP Pro14 software. A *p* \< .05 was considered significant.

Results {#sct312609-sec-0018}
=======

BMSC Phenotype {#sct312609-sec-0019}
--------------

Cultured cells showed a typical spindle‐shaped appearance (Fig. [2](#sct312609-fig-0002){ref-type="fig"}A), self‐renewal ability (Fig. [2](#sct312609-fig-0002){ref-type="fig"}B), and the ability to differentiate into osteocytes and adipocytes (Fig. [2](#sct312609-fig-0002){ref-type="fig"}C, [2](#sct312609-fig-0002){ref-type="fig"}D). Flow cytometric analysis revealed positivity for CD29 and CD90 and negativity for CD11b, CD31, and CD45 (Fig. [2](#sct312609-fig-0002){ref-type="fig"}E). These findings confirmed the presence of an MSC phenotype.

![Characteristics of bone marrow mesenchymal stromal cells (BMSCs) and BMSC sheets. **(A):** Cultured bone marrow cells displayed a spindle‐shaped appearance. Scale bar: 100 μm. **(B):** Colony forming assay showing multiple colonies stained with crystal violet. **(C):** Cells cultured in osteoinductive medium showing alizarin red S‐positive calcium deposits. Scale bar: 200 μm. **(D):** Cells cultured in adipoinductive medium showing Oil Red O‐positive lipid droplets. Scale bar: 200 μm. **(E):** Flow cytometric analysis showing that cultured cells were positive for CD29 and CD90 and negative for CD11b, CD31, and CD45. **(F):** The appearance of a BMSC sheet fabricated using a temperature‐responsive culture dish. Scale bar: 1,000 mm. **(G--I):** Immunohistology of BMSC sheets shows positivity for green fluorescent protein, fibronectin, and laminin. Scale bar: 50 μm. **(J, K):** Rat BMSC sheets secreted hepatocyte growth factor and vascular endothelial growth factor up to day 14 *in vitro*.](SCT3-8-1330-g002){#sct312609-fig-0002}

BMSC Sheets Secreted Vasoprotective Cytokines *in vitro* until Day 14 {#sct312609-sec-0020}
---------------------------------------------------------------------

After detachment, the BMSC sheets shrunk to 0.97 ± 0.11 cm in diameter (Fig. [2](#sct312609-fig-0002){ref-type="fig"}F). To evaluate the levels of cytokines secreted from the BMSC sheets, we measured cytokine concentrations in the culture supernatant. Figure [2](#sct312609-fig-0002){ref-type="fig"}J, [2](#sct312609-fig-0002){ref-type="fig"}K shows HGF and VEGF concentrations in the supernatant of cultured BMSCs, with levels at day 14 of 276 ± 228 pg/ml per day and 1,597 ± 117 pg/ml per day, respectively. Thus, we observed secretion of HGF and VEGF *in vitro* until day14.

BMSC Sheets Remained on the Kidney Surface for up to 14 Days {#sct312609-sec-0021}
------------------------------------------------------------

BMSC sheets contained laminin and fibronectin (Fig. [2](#sct312609-fig-0002){ref-type="fig"}H, [2](#sct312609-fig-0002){ref-type="fig"}I) and readily attached to the kidney surface *in vivo* on day 1 (Fig. [3](#sct312609-fig-0003){ref-type="fig"}A). We assessed *in vivo* retention of transplanted BMSCs from Luc^Tg^ rats by BLI (Fig. [3](#sct312609-fig-0003){ref-type="fig"}B, [3](#sct312609-fig-0003){ref-type="fig"}C). Although the intensity of the BLI signal decreased during the observation period, the signal in the BMSC‐sheet group confirmed the presence of surviving cells in the left renal area up to day 14. By contrast, in the group that received cells intravenously (intravenous \[IV\] group), the signal was undetectable in the left renal areas at all time points, although signals were detected in the lungs, suggesting the presence of pulmonary embolism. For GFP immunostaining (Fig. [3](#sct312609-fig-0003){ref-type="fig"}D), GFP‐expressing BMSCs were not detected at any time point in the IV group, whereas in the BMSC‐sheet group, GFP‐expressing BMSCs were observed around the kidney capsule up to day 14 but without migration into the parenchyma. These results confirmed that the BMSC sheets remained on the kidney surface for up to 14 days.

![Retention of bone marrow mesenchymal stromal cells (BMSCs) after transplantation. **(A):** BMSC sheets contained fibronectin and attached on the kidney surface accordingly. Scale bar: 100 μm. **(B, C):** Bioluminescence imaging following BMSC‐sheet transplantation (black line) revealing superior retention of donor cells as compared with those injected (black dotted line). In the intravenous (IV) group, pulmonary embolism was observed (arrow). **(D):** In the BMSC‐sheet group, green fluorescent protein‐expressing BMSCs (shown in red color) were observed on the kidney surface until day 14, with no accompanying migration of the transplanted cells into the parenchyma (![](SCT3-8-1330-g008.jpg "image")). Green is laminin and blue is Hoechst. Scale bar: 200 μm; \*, *p* \< .05.](SCT3-8-1330-g003){#sct312609-fig-0003}

BMSC Sheets Ameliorated Renal Dysfunction {#sct312609-sec-0022}
-----------------------------------------

Kidney function at different time points is shown in Figure [4](#sct312609-fig-0004){ref-type="fig"}A, [4](#sct312609-fig-0004){ref-type="fig"}B. In the BMSC‐sheet group, elevations in Cr and UN levels were significantly lower than those observed in the IRI and IV groups. BMSC‐sheet transplantation ameliorated renal dysfunction.

![Assessment of kidney function, tubular, and endothelial injury following bone marrow mesenchymal stromal cell (BMSC)‐sheet transplantation. **(A, B):** In the BMSC‐sheet group (black lines), elevations in serum creatine and blood urea nitrogen levels were significantly lower than those in the ischemia--reperfusion‐injury (IRI; gray lines) and intravenous (IV; black dotted lines) groups (\*, *p* \< .05, IRI vs. BMSC sheet; ^†^, *p* \< .05, BMSC sheet vs. BMSC IV). **(C):** Periodic acid‐Schiff staining showing severe tubular necrosis in the ischemia--reperfusion‐injury (IRI; black arrow) group, whereas the tubular epithelium is well preserved in the BMSC‐sheet group on day 4. Scale bar: 100 μm. **(D):** Transverse section of kidney in the BMSC sheet group shows that there was no difference in the histology between abdominal side (with cell sheets) and dorsal side (without cell sheets). **(E):** Tubular injury score was significantly lower in the BMSC sheet group compared with the IRI and IV groups. **(F):** The kidney injury molecule‐1 (KIM‐1)‐positive proximal tubule area (shown in red color) in the BMSC‐sheet group was smaller than that of the IRI group. Green is laminin and blue is Hoechst. Scale bar: 100 μm. **(G):** Urinary KIM‐1 levels were significantly lower in the BMSC‐sheet group than those in the IRI and IV groups. **(H):** The intercellular adhesion molecule‐1 (ICAM‐1)‐positive endothelial cell area (shown in red color) in the BMSC‐sheet group was smaller than that of the IRI group. Green is laminin and blue is nuclear staining (Hoechst). Scale bar: 100 μm. **(I):** Serum ICAM‐1 levels tended to be lower in the BMSC‐sheet group than those in the IRI and IV groups; \*, *p* \< .05; \*\*, *p* \< .01.](SCT3-8-1330-g004){#sct312609-fig-0004}

BMSC Sheets Ameliorated Tubular and Endothelial Injury {#sct312609-sec-0023}
------------------------------------------------------

In order to evaluate tubular injury, PAS staining and immunostaining for KIM‐1, a proximal tubular injury marker, and ELISA for urinary KIM‐1 were performed using kidney specimen and urine on day 4. The tubular injury was significantly milder in the BMSC‐sheet group compared with the IRI and IV group (Fig. [4](#sct312609-fig-0004){ref-type="fig"}C, [4](#sct312609-fig-0004){ref-type="fig"}E, Supporting Information Fig. [S3](#sct312609-supitem-0002){ref-type="supplementary-material"}). Additionally, KIM‐1‐positive area in the BMSC‐sheet group was smaller than that in the IRI and IV groups (Fig. [4](#sct312609-fig-0004){ref-type="fig"}F), with urinary KIM‐1 levels significantly lower in the BMSC‐sheet group relative to those in the IRI and IV groups (Fig. [4](#sct312609-fig-0004){ref-type="fig"}G). In the BMSC‐sheet group, the treatment effect was homogenous throughout the kidney, even in locations not covered by cell sheets (Fig. [4](#sct312609-fig-0004){ref-type="fig"}D). Furthermore, in order to evaluate endothelial injury, immunostaining for ICAM‐1 was performed using kidney samples on day 4 and serum ICAM‐1 was measured using serum samples on day 1. The ICAM‐1 positive endothelial cell areas in the BMSC‐sheet group were smaller than those in the IRI and IV groups (Fig. [4](#sct312609-fig-0004){ref-type="fig"}H), and serum ICAM‐1 levels tended to be lower in the BMSC‐sheet group relative to those in the IRI and IV groups (Fig. [4](#sct312609-fig-0004){ref-type="fig"}I). These results indicate that BMSC‐sheet ameliorated tubular injury and endothelial injury.

BMSC Sheets Suppressed Renal Fibrosis {#sct312609-sec-0024}
-------------------------------------

In the BMSC‐sheet group, α‐SMA‐positive areas were significantly fewer relative to those in the IRI and IV groups on day 14 (Fig. [5](#sct312609-fig-0005){ref-type="fig"}A, [5](#sct312609-fig-0005){ref-type="fig"}B). Similarly, MT staining demonstrated significant reductions in the fibrotic area in the BMSC‐sheet group as compared with that in the IRI and IV groups (Fig. [5](#sct312609-fig-0005){ref-type="fig"}C, [5](#sct312609-fig-0005){ref-type="fig"}D). As shown in the whole kidney section staining, the antifibrotic effect was homogenous in the entire kidney. Furthermore, the BMSC‐sheet group displayed a significantly lower amount of total collagen in the whole kidney relative to that in the IRI group (7.5 ± 0.7 mg/g tissue vs. 3.1 ± 0.2 mg/g tissue; *p* \< .05; Fig. [5](#sct312609-fig-0005){ref-type="fig"}E). These data indicated that BMSC‐sheet transplantation suppressed fibrosis.

![Assessment of renal fibrosis following bone marrow mesenchymal stromal cell (BMSC)‐sheet transplantation. **(A, B):** The number of α‐smooth muscle actin (αSMA)‐positive myofibroblasts was significantly lower in the BMSC‐sheet group relative to that observed in the ischemia--reperfusion‐injury (IRI) and intravenous (IV) groups. Scale bar: 50 μm. **(C, D):** Masson‐trichrome staining showing significant reductions in the fibrotic area in the BMSC‐sheet group as compared with that observed in the IRI and IV groups. Scale bar: 100 μm. **(E):** Total collagen in the whole kidney was significantly lower in the BMSC‐sheet group relative to that observed in the IRI group; \*, *p* \< .05; \*\*, *p* \< .01.](SCT3-8-1330-g005){#sct312609-fig-0005}

BMSC Sheets Preserved MV Density in the Entire Kidney {#sct312609-sec-0025}
-----------------------------------------------------

Since it is known that MV‐density loss caused by endothelial injury results in progressive fibrosis, MV density was evaluated using kidney specimen on day 14 (Fig. [6](#sct312609-fig-0006){ref-type="fig"}A--[6](#sct312609-fig-0006){ref-type="fig"}C). In the BMSC‐sheet group, the ratio of microvessels to tubules was significantly higher than that observed in the IRI and IV groups (1.6 ± 0.04 vs. 1.1 ± 0.1 and 1.3 ± 0.1; *p* \< .05). Additionally, the area of the RECA‐1‐stained fraction was significantly larger in the BMSC‐sheet group as compared with that in the IRI and IV groups (10.9% ± 1.2% vs. 6.3% ± 0.2% and 6.9% ± 0.4%; *p* \< .05). In order to determine MV density in the whole kidney, Microfil perfusion into the renal microvasculature were performed. Figure [6](#sct312609-fig-0006){ref-type="fig"}D shows representative filling patterns under stereomicroscopy in the Sham, IRI, and BMSC‐sheet groups. IRI resulted in considerable reductions in MV density in the whole kidney, especially in the renal medulla and papilla, which are vulnerable to ischemia. On the other hand, MV density was well preserved in the BMSC‐sheet group. We then performed 3D‐volume rendering of reconstructed μCT data (Fig. [6](#sct312609-fig-0006){ref-type="fig"}E--[6](#sct312609-fig-0006){ref-type="fig"}G), finding significantly increased kidney volumes in both the IRI and BMSC‐sheet groups due to kidney injury, relative to that in the Sham group (Fig. [6](#sct312609-fig-0006){ref-type="fig"}E, [6](#sct312609-fig-0006){ref-type="fig"}H). According to a threshold‐based method, vessels were segmented by large vessels (Fig. [6](#sct312609-fig-0006){ref-type="fig"}F; white) and small vessels (Fig. [6](#sct312609-fig-0006){ref-type="fig"}F, [6](#sct312609-fig-0006){ref-type="fig"}G; yellow), with the small‐vessel volume per kidney volume in the BMSC‐sheet group significantly larger than that in the IRI group (40.6% ± 1.8% vs. 32.2% ± 1.9%; *p* \< .05; Fig. [6](#sct312609-fig-0006){ref-type="fig"}I). These results indicated that BMSC‐sheet transplantation preserved MV density in the entire kidney.

![The effect of bone marrow mesenchymal stromal cell (BMSC)‐sheet transplantation on microvascular (MV) injury. **(A):** Representative images of rat endothelial cell antibody (RECA)‐1‐positive microvasculature (upper) and RECA‐1‐stained fraction areas transformed into binary images (lower) in the cortex. Scale bar: 50 μm. **(B):** MV density (the ratio of microvessels to tubules) was significantly higher in the BMSC‐sheet group as compared with that in the ischemia--reperfusion‐injury (IRI) and intravenous (IV) groups. **(C):** RECA‐1‐stained fraction area was significantly higher in the BMSC‐sheet group as compared with that in the IRI and IV groups. **(D):** Representative Microfil patterns observed by low‐power stereomicroscopy. In the BMSC‐sheet group, MV density was well preserved as compared with that in the IRI group (upper, whole kidney; middle, medulla; and lower, papilla). Scale bar: 1,000 μm. **(E, H):** According to three‐dimensional microcomputed tomography analysis, kidney volume in the ischemia--reperfusion‐injury (IRI) and BMSC‐sheet groups significantly increased relative to that in the Sham group. **(F--I):** The small‐vessel volume per kidney volume in the BMSC‐sheet group increased significantly relative to that observed in the IRI group (white, large vessel; yellow, small‐vessel). Scale bar: 1,000 μm; \*\*, *p* \< .01; \*, *p* \< .05.](SCT3-8-1330-g006){#sct312609-fig-0006}

BMSC Sheets Increased the Expression of Activated HGF/VEGF Receptors in the Kidney {#sct312609-sec-0026}
----------------------------------------------------------------------------------

Immunostaining of phospho‐C‐Met showed a significant increase of activated HGF‐receptors in the cortical tubules in the BMSC sheet group relative to those in the IRI groups on day 14 (Fig. [7](#sct312609-fig-0007){ref-type="fig"}A, [7](#sct312609-fig-0007){ref-type="fig"}B). Similarly, the expression of phospho‐VEGF‐R1 positive tubules in the cortex was significantly higher than those in the IRI groups on day 4 (Fig. [7](#sct312609-fig-0007){ref-type="fig"}C, [7](#sct312609-fig-0007){ref-type="fig"}D). Furthermore, while we could identify phospho‐VEGF‐R1‐positive endothelial cells in the medulla of the BMSC sheet group, no positive endothelial cells were found in the IRI group (Fig. [7](#sct312609-fig-0007){ref-type="fig"}E). Taken together, these data suggest that the transplantation of cell sheets activated HGF and VEGF receptors in the kidney. Additionally, we measured concentration of HGF/VEGF in homogenate kidney tissue and urine. As a result, we showed that the concentration of HGF in kidney tissue tended to be higher in BMSC sheet group compared with the IRI group, suggesting a supply of HGF to the kidney from the cell sheet (Fig. [7](#sct312609-fig-0007){ref-type="fig"}F). On the hand, the level of VEGF in kidney tissue and urine was significantly lower in cell sheet group compared with the IRI group (Fig. [7](#sct312609-fig-0007){ref-type="fig"}G, [7](#sct312609-fig-0007){ref-type="fig"}H).

![Assessment of hepatocyte growth factor (HGF)/vascular endothelial growth factor (VEGF) and their activated receptors in the kidneys following bone marrow mesenchymal stromal cell (BMSC)‐sheet transplantation. **(A, B):** The area of phospho‐C‐met‐positive tubules (black arrow) was significantly higher in the BMSC‐sheet group relative to that observed in the ischemia--reperfusion‐injury (IRI) group. Scale bar: 50 μm. **(C, D):** The area of phospho‐VEGFR‐1‐positive tubules (white arrow) was significantly higher in the BMSC‐sheet group relative to that observed in the IRI group. Scale bar: 50 μm. (**E**): In the BMSC‐sheet group, phospho‐VEGFR‐1‐positive endothelial cells (white arrowhead) was observed in the medulla; \*, *p* \< .05. (**F**): The level of HGF in kidney tissue tended to be higher in the cell sheet group compared to the IRI group. (**G**, **H**): The level of VEGF in kidney tissue and urine was significantly lower in the cell sheet group compared to the IRI group.](SCT3-8-1330-g007){#sct312609-fig-0007}

Discussion {#sct312609-sec-0027}
==========

In this study, we tested the hypothesis that transplantation of a BMSC‐sheet would suppress renal fibrosis in a renal IRI model via long‐term protection of the microvasculature. Our results indicate that BMSC sheet attached on the kidney surface, possibly by the retained ECM in the BMSC sheet, and remained on the kidney surface for 14 days, and that the survival of donor cells was superior in the BMSC‐sheet group as compared with that in the IV group. There was no evidence of migration into the renal parenchyma nor embolism of transplanted cells. As a consequence of the superior survival of the transplanted cells on the kidney surface in the BMSC‐sheet group, we observed superior suppression of renal dysfunction, tubular injury, endothelial injury, loss of MV density, and fibrosis relative to those in the IRI and IV groups, indicating that the BMSC sheet suppressed transition into progressive fibrosis via long‐term vasoprotection. BMSC sheets secreted HGF and VEGF up to day 14, suggesting the ability of the sheets to continuously secrete these cytokines following *in vivo* transplantation. Furthermore, the expression of activated HGF/VEGF receptors was higher in the BMSC sheet group relative to those in the IRI group, which could be an effect of the transplanted cell sheets. Therefore, MV protection was likely, at least partially, due to the effect of HGF and VEGF secretion from the cell sheets. Supporting Information Figure [S4](#sct312609-supitem-0002){ref-type="supplementary-material"} shows the schematic diagram of the therapeutic mechanism of the BMSC‐sheet described in the present study.

The BMSC sheet attached and remained on the kidney surface and resulted in the strong suppression of kidney injury. As we show in this study, cell sheets preserve the adhesive ECM such as fibronectin and laminin underlying their bottom surfaces, because it does not require enzymatic digestion [39](#sct312609-bib-0039){ref-type="ref"}, [40](#sct312609-bib-0040){ref-type="ref"}. Therefore, cell sheets can adhere to the target organ directly and sustain long‐term survival. For example, hepatocyte sheets transplanted into the subcutaneous space survive for \>200 days while maintaining the biological functions [41](#sct312609-bib-0041){ref-type="ref"}. Since the therapeutic effect of cell therapy is thought to be derived from factors secreted from transplanted cells [22](#sct312609-bib-0022){ref-type="ref"}, [23](#sct312609-bib-0023){ref-type="ref"}, [24](#sct312609-bib-0024){ref-type="ref"}, [25](#sct312609-bib-0025){ref-type="ref"}, [26](#sct312609-bib-0026){ref-type="ref"}, [27](#sct312609-bib-0027){ref-type="ref"}, [42](#sct312609-bib-0042){ref-type="ref"}, it is generally believed that prolonged presence of donor cells in the target organs leads to improved efficacy. Indeed, the long‐term survival of the cell sheets on the target organ resulted in stronger therapeutic effects as compared with injection of cells in various disease models [31](#sct312609-bib-0031){ref-type="ref"}, [32](#sct312609-bib-0032){ref-type="ref"}, [33](#sct312609-bib-0033){ref-type="ref"}. Furthermore, we previously showed that transplantation of an HGF‐tg MC‐sheet onto the kidney surface suppressed kidney injury to a significantly greater degree than remote transplantation (on femoral vascular bed) of the HGF‐tg MC‐sheets [28](#sct312609-bib-0028){ref-type="ref"}. Accordingly, in the present study, the long‐term survival of transplanted cells on the kidney surface resulted in strong therapeutic effects.

Transplantation of BMSC sheets suppressed endothelial injury, loss of MV density and transition into progressive kidney fibrosis. Protection of MV density by the BMSC sheets might have resulted in suppression of tubulointerstitial injury caused by hypoxia. Previous reports showed that restoration of MV density or renal blood flow improved oxygenation of the kidney [12](#sct312609-bib-0012){ref-type="ref"}, [43](#sct312609-bib-0043){ref-type="ref"}. Therapeutic approaches targeting chronic hypoxia, including protection of microvasculature, have been reported to suppress fibrosis [12](#sct312609-bib-0012){ref-type="ref"}, [13](#sct312609-bib-0013){ref-type="ref"}, [16](#sct312609-bib-0016){ref-type="ref"}, [17](#sct312609-bib-0017){ref-type="ref"}, [18](#sct312609-bib-0018){ref-type="ref"}. Therefore, our results suggested that the BMSC sheet suppressed tubular injury and transition into progressive fibrosis via protection of renal microvasculature.

Here, the vasoprotective cytokines secreted from the BMSC sheet might have contributed to renal MV protection. In our study, there was no evidence of migration of the transplanted cells into the kidney parenchyma; this indicates that there was no differentiation of transplanted cells in the kidney, suggesting that the therapeutic effects resulted from the effect of cytokines secreted from BMSCs. These results are consistent with those for transplantation of HGF‐tg MC sheets for kidney disease, which suggested that the therapeutic effect was derived by the role of HGF [28](#sct312609-bib-0028){ref-type="ref"}. Transplantation of BMSC sheets increased the level of HGF in the kidney, activated HGF receptors in tubules and suppressed renal fibrosis. It has been reported that high level of HGF in the kidney contributes to suppression of kidney injury and fibrosis [44](#sct312609-bib-0044){ref-type="ref"}. Furthermore, transplantation of BMSC sheets activated VEGF receptors in tubule and endothelial cells and ameliorated MV injury. The level of VEGF in the kidney tissue and urine was lower in the BMSC sheet group, a finding, which initially might seem contradictory considering that the BMSC sheets secrete VEGF. However, it is known that the level of VEGF in kidney and urine increases after kidney injury as VEGF is induced by hypoxia [45](#sct312609-bib-0045){ref-type="ref"}, [46](#sct312609-bib-0046){ref-type="ref"}. Therefore, low level of VEGF in the kidney tissue and urine in the BMSC sheet group might be explained by suppression of hypoxia. These results suggested that therapeutic effect was partially achieved by vasoprotective cytokines secreted from BMSC sheets.

BMSC sheet transplantation was superior to intravascular administration of BMSCs in terms of safety. In our study, the number of injected cells was 3--7 times higher than previous reports [22](#sct312609-bib-0022){ref-type="ref"}, [23](#sct312609-bib-0023){ref-type="ref"}, [24](#sct312609-bib-0024){ref-type="ref"}. Therefore, in contrast to other studies, IV administration of BMSCs did not show any effects in terms of kidney function based on serum Cr and blood urea nitrogen. Since paracrine effects of MSCs depend on the number of cells [47](#sct312609-bib-0047){ref-type="ref"}, therapeutic effects are expected to be stronger when the number of transplanted cells increase. However, at the same time, mortality increases due to pulmonary embolism. For example, Furlani et al. reported that 40% of mice died due to pulmonary embolism when 1 × 10^6^ cells (=40 × 10^6^/kg, when body weight is 25 g) were injected in bloodstream [48](#sct312609-bib-0048){ref-type="ref"}. In our study, the dose of MSCs was approximately 30 × 10^6^/kg, and animals in IV group showed pulmonary embolism. As a result, the animals\' general conditions were bad in the initial phase, they did not gain sufficient weight and mortality rate was 30% (Supporting Information Figs. [S1](#sct312609-supitem-0001){ref-type="supplementary-material"} and [S2](#sct312609-supitem-0002){ref-type="supplementary-material"}), consistent with previous reports which administered similar amount of MSCs. On the other hand, despite the many studies using cell sheets, none has reported embolism, even when a large number of cells were transplanted. Therefore, we believe that cell sheet technology is a promising form of cell therapy, which can obtain strong therapeutic effect using many cells without unfavorable effects.

This is the first study demonstrating the efficacious use of transplanted BMSC sheets to treat kidney disease. Transplantation of BMSC sheets protected microvasculature in the whole kidney and strongly suppressed fibrosis via the effects of vasoprotective cytokines secreted from BMSC sheets, in the absence of unfavorable adverse effects. The biggest advantage of this study is that we applied cells other than MCs for cell therapy to treat kidney disease. To date, various kinds of cytokines and cell therapies have been reported to be effective for kidney diseases. Our results suggest the possibility to expand the application of cell sheet therapy for various kidney diseases using many kinds of cells and cytokines. Furthermore, BMSC sheet transplantation could be applied under conditions of kidney transplantation and aortic replacement therapy to prevent transition into progressive kidney disease caused by IRI. This is feasible because it requires no additional invasion for cell sheet transplantation. Moreover, since MV loss leads to fibrosis in CKD regardless of etiology, there is a possibility that transplantation of BMSC sheets can suppress progressive fibrosis in various kidney diseases. Therefore, cell sheet therapy could be a potential novel therapeutic approach for various kidney diseases in the future.

Our study has some limitations. Although we focused on the role of HGF and VEGF, we did not evaluate associated cell‐signaling pathways based on Western blotting, or the effects of *HGF* and *VEGF* knockdown in the context of BMSC effectiveness. Moreover, because the mechanism associated with the therapeutic effects of MSCs appears multifaceted, we cannot exclude the possibility of the influence of other factors. Therefore, an exhaustive analysis of the roles of various cytokines is required to clarify the exact mechanism associated with the therapeutic efficacy of the BMSC sheet.

Conclusion {#sct312609-sec-0028}
==========

Our results demonstrated that BMSC‐sheet transplantation for a rat renal IRI model suppressed renal fibrosis via MV protection.
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**Data S1**: Supplemental material.
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**Data S2**:

**Supplemental Figure S1: BMSC sheet transplantation tended to improve survival rate.** 69% of rats in the IRI and IV groups survived, whereas all rats survived in the BMSC sheet group (Sham: *n* = 4; IRI, IV, and BMSC sheet: *n* = 9).

**Supplemental Figure S2: Change of body weight in each group.** In the BMSC‐sheet group (black lines), body weight increased significantly compared to the IRI (gray lines) and IV groups (black dotter lines). (\**p* \< .05, IRI vs. BMSC sheet; †*p* \< .05, BMSC sheet vs. BMSC IV).

**Supplemental Figure S3: BMSC sheet transplantation ameliorated tubular injury.** Each tubular injury score was significantly lower in the BMSC sheet group compared with the IRI and IV groups, except for cast score. \*\**p* \< .01.

**Supplemental Figure S4: Schematic diagram of the therapeutic mechanism of the bone‐marrow mesenchymal stromal‐cell (BMSC)‐sheet for a rat ischemia--reperfusion‐injury (IRI) model.** In IRI, endothelial injury and microvascular density loss resulted in tubular injury and subsequent renal fibrosis. BMSC‐sheet protected microvasculature which resulted in suppression of tubular injury and transition into progressive fibrosis. The therapeutic effects were partially explained by the role of HGF/VEGF secreted from BMSC sheets.
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